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Abstract
Horizons of black holes or cosmologies are peculiar loci of spacetime where interesting phys-
ical effects takes place, some of which are probed by recent (EHT and LIGO) and future exper-
iments (ET and LISA). We discuss that there are boundary degrees of freedom residing at the
horizon. We describe their symmetries and their interactions with gravitational waves. This fits
into a larger picture of boundary plus bulk degrees of freedom and their interactions in gauge
theories. Existence and dynamics of the near horizon degrees of freedom could be crucial to
address fundamental questions and apparent paradoxes in black holes physics.
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Horizons have undergone a fascinating history of conceptual changes, some of them going back-
and-forth. The Schwarzschild black hole horizon initially was considered as singular. By 1960 it
was evident that such singularities are coordinate artifacts. Until the 1970ies horizons were not
considered to have physical properties (‘no hair’) and were merely thought of as (regular) boundaries
of a causal patch, e.g. for an observer outside a black hole, as implied by a strict reading of Einstein’s
equivalence principle. This perception gradually changed in the last quarter of the past century
thanks to Hawking’s discovery that black hole horizons come with a temperature and entropy, and
eventually culminated in the membrane paradigm that attached further physical properties, such as
viscosity or electrical conductivity, to black hole horizons [1].
While the classical interpretation of horizons became clearer and physically richer in that period, it
was realized that their quantum interpretation is puzzling [2,3]. Especially the microscopic derivation
of the Bekenstein–Hawking entropy associated with black hole horizons and the information paradox
became attractors for numerous research avenues, ranging from ambitious to quixotic. Attempts to
resolve these puzzles often involve developing ideas around horizons: they became stretched [4, 5],
isolated [6], equipped with brick-walls [7] or soft hair [8], entangled with the interior [9,10], converted
into fuzzballs [11] or fluffballs [12], identified antipodally [13] and, like an echo from the past, were
reconsidered as singular surfaces due to the appearance of firewalls [14]. If firewalls did exist a
cornerstone of classical gravity, the equivalence principle, could no longer be true.
Our 2020 viewpoint on horizons is not quite as radical, but rather a blend of some of the proposals
mentioned above [15, 16]. The equivalence principle in presence of horizons (or general boundaries)
indeed needs some refinement [17], since there are diffeomorphisms, often referred to as ‘improper
diffeomorphisms’, that have physical effects. By contrast, the proper ones account for gauge redun-
dancies. This is not particular to gravity or horizons, but applies to any gauge field theory with an
actual, fiducial or asymptotic boundary.
As a consequence of improper diffeomorphisms there are degrees of freedom (d.o.f.) residing at
the boundary. In principle the microscopic details of the boundary specify both the boundary d.o.f.
and their interaction with the environment. Alternatively, in a macroscopic effective description, the
boundary d.o.f. and their interactions can be determined through appropriate boundary conditions
on the bulk fields. Archetypical examples of such boundary conditions in electrodynamics are the
Casimir effect or the description of conductors as equipotential surfaces, see e.g. [18, 19]. That
asymptotic flat geometries are specified up to the Bondi news [20,21] is a famous gravity example of
physical effects associated with (asymptotic) boundary conditions.
Since our interest is in horizons we count the d.o.f. using a (d− 2) + 2 split, using the labels x±
for the null directions and xA for the transversal directions. As a warm-up consider electrodynamics,
where the gauge connection splits into a vector AA and two scalars A+, A−. Gauge-fixing A− = 0
leads to d − 1 d.o.f., d − 2 of which are the usual massless photon polarizations, which we refer to
as bulk d.o.f. The remaining d.o.f. A+ can be changed arbitrarily by residual gauge transformations
that preserve the gauge choice A− = 0, namely A+ → A+ + ∂+λ(x+, xA), and hence has no local
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influence on physics. However, it is a physical boundary d.o.f. Thus, in electrodynamics we have
d − 2 bulk d.o.f. and one boundary d.o.f., which is an arbitrary function of x+, xA. In certain
applications boundary conditions are imposed that partially eliminate bulk or boundary d.o.f., so
when we make statements like ‘electrodynamics has one boundary d.o.f.’ we assume that there is
not such a restriction of the configuration space.
In general relativity we split the metric into a traceless codimension-two tensor gTAB, two co-
dimension-two vectors gA± and four scalars, g±±, g+− and gT , where the latter is the trace-part
of gAB. We use the d diffeomorphisms to gauge fix one of the vectors and two of the scalars.
The d.o.f. counting then works as follows. The bulk d.o.f. are contained in the traceless tensor,
which has (d − 1)(d − 2)/2 − 1 = d(d − 3)/2 independent components, namely the polarizations
of massless gravitons. The remaining d.o.f., d(d + 1)/2 − d(d − 3)/2 − d = d, can be altered by
residual diffeomorphisms which preserve our gauge choice, but again are physical at the boundary.
Thus, in general relativity we have d(d− 3)/2 bulk d.o.f. and d boundary d.o.f. A simple example is
three-dimensional gravity which has zero bulk d.o.f. Its three boundary d.o.f. were identified in [22]
and the seminal Brown–Henneaux construction [23] only realizes one of them. In our essay we focus
on the physically most interesting case d = 4, with particular emphasis on horizons.
Consider a null hypersurface N located at x− = 0 so that x− is a small expansion parameter (we
demand Taylor expandability of the metric in x−). Having a null hypersurface means g−− = O(x−).
We choose ∂− to be hypersurface orthogonal and the other null direction to be along ∂+ at x− = 0.
Our configuration space consists of all metrics compatible with the near null hypersurface behavior
ds2 = η dx+ dx− + ΩAB dxA dxB + x−
(
G dx+2 + θA dx
+ dxA + λAB dx
A dxB
)
+ O(x− 2) (1)
where we partially gauge-fixed g−− = 0 = g−A, which turns out to be possible with no loss of
generality [16]. All functions in the metric (1) can depend on ‘time’ x+ along N and ‘angular
coordinates’ xA transversal to N.
In accordance with our general discussion the information about bulk d.o.f. resides in the traceless
parts of ΩAB and λAB, which describe gravitational waves (GWs). The boundary d.o.f. are described
by the codimension-two vector θA and two scalars, the boost function η and the expansion function
Ω :=
√
det ΩAB. The additional scalar G and the trace part of λAB present in (1) must be redundant;
the Einstein equations indeed determine them in terms of the other functions in (1). In summary, we
have two bulk d.o.f. in the form of GWs and four boundary d.o.f. Thus, our near null hypersurface
expansion (1) is general enough to accommodate essentially the maximum of boundary d.o.f.1 Bulk
and boundary d.o.f. are dynamically coupled to each other through the equations of motion, leading
to a rich phenomenology of black holes and their boundary excitations interacting with bulk GWs.
The near null hypersurface expansion (1) is preserved by near null hypersurface Killing vectors
ξ[T±, Y A] = T+(x+, xB) ∂+ − x−T−(x+, xB) ∂− + Y A(xB) ∂A + O((x−)2) , (2)
1We included the qualifier ‘essentially’ because ∂+θA is determined in terms of η,ΩAB through Einstein’s equations.
So only the x+ independent part of θA is among our boundary d.o.f. [16]. This could be relaxed by dropping the
assumption of hypersurface orthogonality.
2
where T±(x+, xA), Y A(xB) are arbitrary functions of their arguments. By ‘preserved’ we mean that
they map any metric of the form (1) to another metric of the same form. The vectors (2) thus are a
pendant to the asymptotic Killing vectors of Bondi, van der Burgh, Metzner and Sachs [20,21].
The near null hypersurface Killing vectors with the usual Lie bracket close into an algebra. They
also lead to boundary (surface) charges Qξ which are given by integrals over the codimension-two x
A
part and are functionals of boundary d.o.f. These charges in general are not conserved since we can
have fluxes F through the horizon. They are related by a generalized charge conservation equation
∂+Qξ = −F (3)
reminiscent of the continuity equation in electrodynamics. The explicit form of the charges, their
algebra and the fluxes can be found in [16].
Depending on the physical question, one might need to restrict the configuration space by impos-
ing boundary conditions. This in turn can switch off or restrict certain boundary d.o.f. For example,
allowing only linear x+ dependence in the expansion function Ω fixes the boost function η = 2. The
latter choice has been the starting point of any analysis that adopts Gaussian null coordinates, which
is rather common in the literature on null hypersurfaces, see [24,25] for such a choice in a near horizon
context. An important lesson from this example is that gauge fixing to Gaussian null coordinates
is with loss of generality, as it switches off one of the boundary d.o.f. Similarly, the well-known
Fefferman–Graham expansion in asymptotically anti-de Sitter switches off some boundary d.o.f., and
thus is also with loss of generality [22]. Therefore, if one intends to keep the maximal number of
boundary d.o.f. one should avoid premature or inadequate gauge-fixings that reduce this number.
Let us address a final issue, namely field redefinitions. In our example (1) we may choose to
describe the configuration space through new configuration variables η˜, Ω˜, θ˜A, which are generic
functions of the original ones, η, Ω, θA. In other words, one may slice the configuration space in
different ways. This is conceptually similar to Legendre-transformation between different thermody-
namical ensembles and will have an impact on the field dependence of the symmetry generators, as
they may be viewed as generators of motion in the configuration space with respect to a given slic-
ing. Thus, such field redefinitions can modify the symmetry algebra. A near horizon example (in the
truncated stationary setup [16]) is the redefinition Ω˜ = Ωr+1/(r+ 1), where r = s/(d− 2) with some
non-negative integer s. As discussed in [15], this redefinition leads to near horizon supertranslations
of spin s and for s = 1 provides an explicit near horizon realization of BMS symmetries.
In conclusion, our understanding of horizons has increased over the past few years by considering
near horizon expansions that allow an increasing number of physical boundary d.o.f. The maximal
number of four boundary d.o.f. was only reached in 2020.
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